Size dependence of structural, magnetic, and electrical properties in corundum-type Ti2O3 nanoparticles showing insulator–metal transition  by Tsujimoto, Yoshihiro et al.
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a  b  s  t  r  a  c  t
Corundum-type  Ti2O3 has been  investigated  over  the  last  half century  because  it  shows  unusual
insulator–metal  (I-M)  transition  over  a broad  temperature  range  (420–550  K).  In  this  work,  we  success-
fully  synthesized  Ti2O3 nanoparticles  (20, 70,  300  nm  in  size)  by the low-temperature  reduction  between
precursors  of  rutile-type  TiO2 and  the reductant  CaH2, in  a non-topotactic  manner.  The  reaction  time
required  for  obtaining  the  reduced  phase  increases  with  increasing  the  particle  size.  Synchrotron  X-ray
powder  diffraction  and  electron  microscopy  studies  reveal  that  the  symmetry  of  all  the present  samples
remains  the same  as that  of  bulk  samples.  However,  the  particle-size  reduction  results  in three  impor-
tant  features  compared  with  bulk samples  as follows,  (i)  color  shift  from  dark  brown  to  bluish  black,i2O3
ize dependence
nsulator–metal transition
orundum structure
(ii)  anisotropic  volume  contraction  involving  the  shrinkage  of Ti–Ti  bonds  in the ab  plane  and  along  the
c  axis,  (iii)  reduction  of the I-M transition  temperature  from  420  K to  350  K.  These  suggest  that  the  a1g
band  broadening  caused  by  the  surface  strain  effects,  which  favors  narrowing  of the  band  gap,  may  play
a  critical  role  in  the  suppression  of  IM transition.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Oxygen removal from the band-gap insulating oxides with an
arly transition metal, such as TiO2, V2O5, and WO6 forms complex
ong-period structures involving oxygen-vacancy order or crystal-
ographic shear [1–5]. In particular, it is known that the binary
itanium–oxygen system forms a homologous series of oxygen sub-
toichiometric phases expressed as TinO2n−1 (n ≥ 2), of which the
hase with n from 4 to 10 is termed Magnèli phase [2,3,6–9]. Fig. 1
hows the crystal structures of rutile TiO2 (n → ∞)  and corundum-
ike Ti2O3 (n = 2), and Ti4O7 (n = 4). The rutile structure is composed
f one-dimensional chains of edge-sharing TiO6 octahedra linked
y sharing corners. In the corundum structure, each titanium-
entered octahedron shares one face along the c axis and three∗ Corresponding author. Tel.: +81 29 859 2553.
E-mail address: TSUJIMOTO.Yoshihiro@nims.go.jp (Y. Tsujimoto).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.06.007
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producedges in the ab plane with one another, corresponding to Ti(1)–Ti(2)
and Ti(1)–Ti(3) bonds, respectively. TinO2n–1 (4 ≤ n ≤ 10) possesses
structural features common to both the rutile and corundum struc-
tures: the rutile-like slabs extending in two  dimensions and n
octahedral thick in the third dimension are separated at a shear
plane {1 2 1} by sharing edges and faces as in the corundum struc-
ture.
Removing oxygen from TiO2 also leads to the donation of elec-
trons in Ti 3d bands. Of the series of TinO2n−1, the phases of 2 ≤ n ≤ 6
exhibit high electrical conductivity at room temperature compara-
ble to that of carbon [10–12], which provides opportunities for a
new class of titania-based electronic devices [13,14]. On the other
hand, there has been a long-standing issue on the nanostructuring
process of the reduced phases: high-temperature reducing envi-
ronments required for the preparation of them involve particle
growth [15,16]. Nevertheless, Ohkoshi and his collaborators suc-
cessfully synthesized Ti3O5 nanoparticles with an average size of
25 nm by using the combination of sol–gel and reverse-micelle
techniques [8], which has been widely employed to obtain well-
dispersed nanocrystals including metal alloys and oxides [17–19].
tion and hosting by Elsevier B.V. All rights reserved.
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tig. 1. Crystal structures of rutile TiO2 (a), corundum-like Ti2O3 (b), and Ti4O7 (c). 
ransition proposed by J.B. Goodenough et al. [33].
hey also demonstrated the photo-induced insulator-to-metal (I-
) switching phenomenon in the nanoparticles, accompanying
tructural phase transitions [8]. In addition, a similar technique
as reported to yield ﬁber-like nanostructured Ti4O7 with a high
urface area [14], allowing for a high durable fuel cell catalyst
upport. However, this synthetic method comprises many steps
nd requires the removal of the silica matrix used against parti-
le growth at the ﬁnal stage. Therefore, simpler reaction methods
oward reduced titania nanocrystals have been highly demanded.
In 1999, Hayward and Rosseinsky reported a new low-
emperature reduction technique using binary metal hydride
owders as a reduction agent [20], allowing for access to unprece-
ented reduced phases that cannot be obtained by conventional
igh temperature reduction reaction. Metal hydrides such as NaH
nd CaH2 exhibit strong reducing power even at temperatures less
han 500 ◦C, which enables us to design in a topotactic manner com-
lex metal oxides with unusual coordination environments around
he metal centers [21–23], for example, a series of square-planar
oordinated iron oxides Srn+1FenO2n+1 (n = 1, 2, ∞)  [24–26] and
ovel oxyhydrides such as LaSrCoO3H0.7 [27] and SrCrO2H [28]. On
he other hand, the strong reducing power at low temperatures
s beneﬁcial to suppression of particle growth. Yamamoto et al.
emonstrated the successful synthesis of nickel and iron nanopar-
icles by reaction between the corresponding metal–organic salts
nd CaH2 at 140 ◦C [29,30].
Our group recently applied this reduction method to a metal
xide, namely, titanium dioxide nanoparticles (dia. 20 nm)  with
he rutile structure [31], and found that the reaction of the
utile nanoparticles with CaH2 at 350 ◦C for several days yielded
orundum-type Ti2O3 keeping the nanomorphology of the precur-
or. This is the ﬁrst example of Ti2O3 nanoparticles, but its bulk
r sintered sample has been extensively studied over the last half
entury because a sluggish I-M transition takes place in the temper-
ture range from 420 to 550 K [32–37], unlike sharp I-M transitions
een in other n members. As for Ti2O3, each titanium ion is subject
o a slight trigonal distortion with six oxygen anions, which splitsatic energy diagram of Ti 3d bands near Fermi level across the insulator-to-metal
3-fold degenerate t2g orbitals into a low-lying a1g orbital directed
along the c axis and two  eg orbitals directed to near-neighbor Ti
ions in the basal plane [6,33]. As illustrated in Fig. 1(d), the strong
hybridization between two a1g orbitals within the Ti(1)–Ti(2) bond
yields the bonding (a1g) and antibonding (a*1g) bands with a large
energy gap, while the eg and eg* bands are partially overlapped
and located in between the a1g and a*1g bands [33]. In the insu-
lating state, a small energy gap of 0.1∼0.2 meV  opens between the
fully occupied a1g and unoccupied eg bands [38,39]. The mecha-
nism of the I-M transition of Ti2O3 is still controversial, but a widely
accepted view is that a gradual increase of the Ti(1)–Ti(2) length on
heating suppresses the separation of the a1g and a*1g bands, ﬁnally
leading to the breakdown of the semiconducting gap between a1g
and eg bands. The Ti(1)–Ti(3) lengths in the basal plane shrink only
slightly across the transition [6].
Our previous report on Ti2O3 nanoparticles revealed the short a
and long c lattice parameters (a = 5.0745 A˚, c = 13.7516 A˚) compared
with those of bulk Ti2O3 (a = 5.1570 A˚, c = 13.610 A˚) [31]. The color
was bluish black for the nanoparticles but dark brown for the bulk
(see in Fig. 5). In general, particle-size reduction into nanometric
scale signiﬁcantly modiﬁes the fractional atomic coordinates in the
lattice and the electronic structure [40–42]. Since the I-M transi-
tion of Ti2O3 is intimately connected to the structural parameters,
it is worth studying how the I-M transition varies with decreasing
particle size. In this work, we  have systematically investigated for
the ﬁrst time the effect of particle-size reduction on structural,
magnetic, and electrical properties of Ti2O3 nanoparticles.
2. Experimental
Samples of nano-sized Ti2O3 were synthesized by the low-
temperature reduction with CaH2, as reported previously [31].
Precursors of commercial rutile-type TiO2, which had ellipsoidal
shape with an average major diameter of 20 (Ishihara Sangyo
Kaisha, Ltd.), 70 (Sakai Chemical, Co., Ltd.), and 300 (Sakai Chem-
ical, Co., Ltd.) nm,  were used after preheating overnight at 200 ◦C.
an Ceramic Societies 3 (2015) 325–333 327
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Fig. 2. Rietveld reﬁnements against the synchrotron X-ray diffraction data of Ti2O3
nanoparticles (20, 70, and 300 nm in dia. from the top panel) and the bulk. The wave-
length was  0.65298 A˚. Observed, calculated, and difference are presented with cross
marks, upper and bottom solid lines, respectively. The vertical lines represent theY. Tsujimoto et al. / Journal of Asi
ence, each precursor is termed R1, R2, and R3, respectively. TiO2
nd CaH2 (90%, Aldrich) were thoroughly mixed in a molar ratio of
:4 in an argon-ﬁlled glovebox. The mixture was pelletized, sealed
nder vacuum in a Pyrex tube without exposure to air, and then
eated at 350 ◦C for several days with intermediate grinding. After
eaction, samples were washed with a 0.1 M solution of NH4Cl in
ethanol to remove residual CaH2 and a byproduct CaO. Complete
emoval of calcium-containing phases was conﬁrmed by energy-
ispersive X-ray analysis. The nanoparticles reduced from R1, R2,
nd R3 are termed C1, C2, and C3, respectively.
As a reference, sintered sample of Ti2O3, which is termed ‘bulk’,
as prepared by conventional solid-state reaction. Ti metal pow-
ers (99%, Kojundo Chemical Lab. Co., Ltd.) and TiO2 (99.9% Rare
etallic Co., Ltd.) were ground together in the stoichiometric ratio,
elletized, and sealed in an evacuated silica tube. The pelletized
ixture was heated at 1150 ◦C for 12 h.
To characterize the obtained products, synchrotron X-ray
iffraction data (SXRD,  = 0.65298 A˚) were collected from them
t room temperature, using a Debye-Scherrer camera installed on
L15XU at SPring-8. Samples were put into a glass capillary with
n internal diameter of 0.2 mm for the nanoparticles and 0.1 mm
or the bulk. The data were recorded in 0.003◦ increments in a 2
ange of 12–50◦. Structural reﬁnements were performed using the
IETAN-FP program [43].
Diffuse reﬂection spectra were recorded on a UV–vis–NIR spec-
rometer (UV-570, JASCO) with an integrated sphere equipment
nd barium sulfate as the reference, and then converted from reﬂec-
ion to absorbance by the Kubelka-Munk method. The speciﬁc
urface areas were measured with a Macsorb surface area analyzer
HM Model-1201, Mountech) by Brunauer–Emmett–Teller (BET)
ethod, using a mixed gas of N2 and He.
High-resolution transmission electron microscopy (HRTEM)
nd transmission electron microscopy (TEM) observations were
erformed using a JEL-2100 microscope (JEOL) at an accelerat-
ng voltage of 200 kV. Small amounts of samples were dispersed
n ethanol by sonication, and the suspension was  dropped onto a
arbon-coated copper grid.
Electrical resistivity measurements for 20 nm-sized and bulk
i2O3 were carried out by a four-point probe method in a Physical
roperty Measurement System (PPMS, Quantum Design). Magnetic
usceptibility of the two samples was measured at an applied
agnetic ﬁeld H = 10 kOe using a Magnetic Property Measurement
ystem (MPMS, Quantum Design). A high-temperature oven was
sed in the magnetometer to collect the magnetic data in the tem-
erature region of 300 < T < 600 K.
. Results and discussion
Fig. 2 shows the SXRD data collected from nano-sized and bulk
amples of Ti2O3, which revealed a broadening of the diffrac-
ion peaks with decreasing particle size. The XRD patterns of the
anoparticles C1 and sintered sample could be readily indexed
n the basis of the hexagonal cell with the corundum structure
n the space group R-3c [6]. The calculated lattice parameters are
 = 5.0826 (3) A˚ and c = 13.6864 (14) A˚ for C1, and a = 5.15640 (1) A˚
nd c = 13.61003 (3) A˚ for the bulk, which are in good agreement
ith those reported previously [6,31]. For nanoparticles C2 and
3, the corundum structure was also successfully obtained as the
ain phase, although some uncharacterized peaks with tiny inten-
ities were found as minor phases in C3 nanoparticles. It is worth
oting that the reaction time correlates with the particle size.
ow-temperature reduction using CaH2 or related metal hydride
roceeds through a solid-solid reaction between the reductant and
recursors, and thus physical contact between them is an impor-
ant key factor for promoting the reductive reaction [44]. In fact,Bragg peak positions. For C3 sample, the 2 regions where impurity peaks appeared
were excluded during the reﬁnements.
R1 and R2 with high surface areas of 80.72 and 69.64 m2/g, respec-
tively, were completely reduced to Ti2O3 within 8 days, but 20 days
for R3 with much lower surface area of 6.36 m2/g.
Figs. 3(a)–(c) and 4(a)–(c) show typical TEM images of the rutile
precursors and their reduced phases, respectively. No apparent par-
ticle growth was  observed after the reductive reaction in the TEM
images, which is consistent with our previous report [31]. How-
ever, the BET measurements revealed a reduction in the speciﬁc
surface areas, by 23 and 44% for C1 and C2 nanoparticles, respec-
tively, in comparison with the corresponding precursors. These
results suggest a partial aggregation of nanoparticles. In contrast,
the speciﬁc surface area of C3 was  7.69 m2/g, which was larger than
that of the precursor by 21%. The opposite behavior is likely related
328 Y. Tsujimoto et al. / Journal of Asian Ceramic Societies 3 (2015) 325–333
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big. 3. TEM and HRTEM images of TiO2 nanoparticles with 20 nm (a, d), 70 nm (b, 
atterns (d) and fast Fourier transformation patterns (e, f).
o the fact that particles of R3 broke into pieces during reduc-
ion as seen in Fig. 4(c). Figs. 3(d)–(f) and 4(d)–(f) show typical
RTEM images of the precursors and products, and the insets dis-
lay selected area electron diffraction (SAED) patterns for R1 and
1, and fast Fourier transforms (FFT) patterns for R2, R3, C2, and C3.
he SAED or FFT patterns of each sample are consistent with diffrac-
ion patterns expected from the rutile or corundum structure. The
RTEM images of C1 and C2 as well as R1 and R2 showed good crys-
allinity and uniformly spaced lattice fringes in each particle, which
ndicates that each particle maintains the single-domain struc-
ure in spite of the drastic structural rearrangements from rutile
hrough Ti4O7 to corundum structure [31]. In contrast, the HRTEM
f C3 sample shown in Fig. 4(f) exhibited lattice fringes in the
egions A and B running in different directions between each other,
hich was also conﬁrmed from the FFT patterns. This observationevealed that the single crystalline nature of R3 was  lost after the
eduction.
Fig. 5 shows the diffuse reﬂectance spectra for C1, C2, C3, and the
ulk. For comparison, the spectral data of 20 nm-sized TiO2 (R1) ared 300 nm (c, f) in diameter, respectively. The insets show selected area diffraction
also plotted. In contrast to the absorption only under UV irradiation
( < 400 nm)  for the TiO2 nanoparticles, the bulk Ti2O3 exhibited
a strong absorption extending to the NIR region, with two broad
bands centered at 378 and 514 nm,  corresponding to the a1g–a*1g
and a1g–eg* interband transitions, respectively [39,45,46]. These
two peaks were gradually broadened with the decrease of parti-
cle size, which suggests a semiconducting-gap narrowing. We also
see a gradual enhancement of the absorption in the NIR region
with decreasing particle size, reﬂecting the difference in the sample
color between the bulk and C1. Therefore, these spectral changes
observed for the nanoparticles strongly suggest that the electronic
structure of Ti2O3 is modiﬁed by size reduction or surface strain
effects.
To reﬁne the cell parameters and crystallographic sites of the
products, Rietveld analysis was performed using the SXRD data
on the basis of the corundum structure. Both the Ti and O sites
remained fully occupied within errors, and thus ﬁxed at unity
during reﬁnements. Plots of the observed and calculated diffrac-
tion data are shown in Fig. 2, and the ﬁnal reﬁned structural
Y. Tsujimoto et al. / Journal of Asian Ceramic Societies 3 (2015) 325–333 329
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Cig. 4. TEM and HRTEM images of Ti2O3 nanoparticles with 20 nm (a, d), 70 nm (b,
atterns (d) and fast Fourier transformation patterns (e, f).arameters are tabulated in Table 1. Fig. 6 shows the cell parameters
nd c/a ratio plotted as a function of the particle size. Reﬁned inter-
tomic distances of Ti(1)–Ti(2) and Ti(1)–Ti(3) bonds are shown
n Fig. 7. The lattice volume exhibited an anisotropic contraction
able 1
rystallographic data for Ti2O3 nanoparticles and the bulk obtained from Rietveld reﬁnem
Atom Site C1 (20 nm)  C2 (70 nm)
x/z Biso (Å2) x/z 
Ti 12c (0 0 z) 0.3425(1) 2.11 (4) 0.34277(7)
O  18e (x 0 1/2) 0.3210(8) 0.09 (7) 0.3183(6) 
a  (Å) 5.0826 (3) 5.10
c  (Å) 13.6864 (14) 13.67
V  (Å3) 306.19 (4) 308.
Rwp (%) 1.18 1
RB (%) 4.14 5
RF (%) 2.07 3d 300 nm (c, f) in diameter, respectively. The insets show selected area diffractionaccompanying the particle-size reduction: the a axis monotonically
decreased but the c axis expanded, resulting in an increase of the c/a
ratio. The unusual size dependence of volume observed for Ti2O3
is quite different from related corundum compounds M2O3 (M = V,
ent of synchrotron X-ray diffraction data at room temperature.
 C3 (300 nm) Bulk
Biso (Å2) x/z Biso (Å2) x/z Biso (Å2)
 1.59 (2) 0.34414(4) 1.34 (1) 3.4465(2) 0.18 (1)
0.66 (6) 0.3113(2) 1.04 (2) 0.3113(2) 0.10 (1)
39 (2) 5.13837 (9) 5.15443 (1)
59 (8) 13.6232 (3) 13.60810 (2)
52 (2) 311.502 (12) 313.1051 (7)
.39 1.90 7.14
.11 3.41 4.20
.11 2.44 2.04
330 Y. Tsujimoto et al. / Journal of Asian Ceramic Societies 3 (2015) 325–333
Fig. 5. UV–vis–NIR absorption spectra of Ti2O3 nanoparticles and bulk. The insets show photographs of the pellets: 20 nm-sized TiO2 (white), 20 nm-sized Ti2O3 nanoparticles
(bluish  black), and bulk Ti2O3 (dark brown).
Fig. 6. Variation of the a and c lattice parameters, volume, and c/a ratio with particle size. The inset in the bottom-right panel shows the temperature evolution of the c/a
ratio  for single crystals taken from Ref. [6].
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reduction was  observed in bulk Ti2O3 under hydrostatic pressureig. 7. Ti–Ti bond lengths in the ab plane and along the c axis as a function of particle
ize.
r) [42,47] where both the a and c lattice parameters shrink with
ecreasing the particle size.
The c/a ratio is often used as a measure of the I-M transition [6],
ecause the a and c lattice parameters are related to the Ti(1)–Ti(3)
onds in the basal plane and the Ti(1)–Ti(2) bond along the c axis.
he inset of Fig. 6(d) shows the temperature dependence of the
/a ratio measured with single crystals by Rice and Robinson in
ef. [6]. The c/a value exhibits a slow increase with increasing
emperature up to 400 K, but rapidly increases above the I-M tran-
ition temperature (TIM). This behavior is mainly ascribed to the
i(1)–Ti(2) bond elongation along the c axis. Looking back to the
resent Ti2O3 nanoparticles, the values of the c/a ratio at room tem-
erature increased as the particle size decreased, and especially
or C1 and C2, and are comparable to those in the metallic region
f the single crystals. However, both Ti(1)–Ti(2) and Ti(1)–Ti(3)
onds decreased, for example, by −1.60% and −1.74% for C1, respec-
ively, when compared to the bulk values (Fig. 7). These results
ndicate that the relationship between the c/a ratio and the Ti–Ti
ond lengths is different between temperature and particle size.The electrical resistivity and magnetic susceptibility mea-
urements were performed in order to study the inﬂuence of
article-size reduction on the I-M transition. Fig. 8 presents the
ig. 8. Electrical resistivity () of Ti2O3 nanoparticles (20 nm) and the bulk sample
s  a function of temperature. The  for the bulk is multiplied by 103. The insulator-
o-metal transition temperature is marked with arrow.amic Societies 3 (2015) 325–333 331
temperature dependence of the electrical resistivity () of the C1
and bulk. The  of the bulk exhibited a semiconducting behav-
ior in the measured temperature range from 250 to 400 K (<TIM),
which is consistent with previous reports [ref]. The resistivity curve
of C1 also showed negative temperature coefﬁcient up to 400 K,
but began to drop steeply at 350 K. This characteristic behavior
is very similar to the resistivity reduction at the onset tempera-
ture of I-M transition of bulk samples in early reports [6,11,48].
Thus, the observed change in the resistivity of C1 at 350 K should
be derived from the I-M transition. On the other hand, the resis-
tivity of C1 is more than three orders of magnitude greater than
that of the bulk sample, which should be attributed to surface oxi-
dation of the nanoparticles, as observed by the XPS measurements
[31].
Fig. 9 shows the temperature dependence of the magnetic sus-
ceptibility  (=M/T)  of the C1 and bulk. The inset displays an
enlargement of the data in the range of 300 < T < 600 K. The mag-
netic susceptibility of the bulk is consistent with those in previous
studies [11,49]. The –T curve at low temperatures (<TIM) exhibited
an almost temperature-independent behavior reﬂecting the non-
magnetic or spin-singlet ground state [50], which was  followed
by a sudden increase caused by a transition to the paramagnetic
metal phase at 420 K. Similar upturn was  also observed in the mag-
netic susceptibility of C1 at 350 K, corresponding to the anomaly
observed in the  vs T curve. Therefore, we can conclude that
particle-size reduction shifts the TIM of the bulk Ti2O3 to lower tem-
peratures. The –T curve of C1 monotonically increased even below
TIM in contrast to the nearly temperature-independent behavior in
the bulk. The difference is probably derived from non-interacting
free spins created by the surface oxidation described above.
The electrical resistivity and magnetic susceptibility measure-
ments demonstrated the decrease of TIM by size reduction. The
observed TIM reduction is apparently not consistent with the con-
traction of the Ti(1)–Ti(2) bond. However, the volume contraction
involving the shortage the Ti(1)–Ti(2) bond is of advantage in an
enhancement of bandwidth of the Ti 3d bands, as seen in various
transition metal compounds showing pressure-induced metal-
lization [51]. Indeed, the absorption spectroscopy measurements
evidenced the broadening of the a bandwidth. Similar volumeconditions [52,53], but increasing pressure results in the decrease
of both the a and c lattice parameters with the c/a ratio nearly
Fig. 9. Magnetic susceptibility of Ti2O3 nanoparticles (20 nm)  and the bulk sam-
ple as a function of temperature in an applied ﬁeld of 10 kOe. The inset displays
the data measured with a high-temperature oven. The insulator-to-metal transition
temperature is marked with arrows.
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[
[
[
[
[32 Y. Tsujimoto et al. / Journal of Asi
nchanged. This is signiﬁcantly different from the anisotropic vol-
me  change against particle size observed in this study.
It is interesting to compare with studies on isostructural V2O3
anoparticles. Bulk V2O3 is known to undergo the 1st order phase
ransition from a paramagnetic metal to antiferromagnetic insu-
ator at around 160 K, accompanying a structural phase transition
rom the hexagonal (R-3c) to the monoclinic (I2/a) structure [47,54].
he trigonal symmetry on the vanadium center splits the mani-
old t2g bands into non-degenerate a1g and doubly degenerate eg
ands. Note that the former is located at higher energy level than
he latter, which is opposite to the situation in Ti2O3. In the low-T
nsulating state, the on-site Coulomb repulsion in vanadium further
plits the latter bands into the lower Hubbard band (LHB) and upper
ubbard band (UHB), and an energy gap ∼0.5 eV opens between a1g
nd the low-lying LHB [55]. The V–V bond length along the c axis
uddenly shortens across the I-M transition to the metallic state
o collapse the energy gap. On the other hand, size reduction into
anometric scale (∼10 nm)  for V2O3 exhibits a uniaxial compres-
ion along the c axis through surface strain [47]: both the c axis
ength and the V–V bond length along the c-axis are contracted
ithout signiﬁcant changes in the a axis and inplane V–V bond
engths. These structural modiﬁcation causes not only broadening
ut also low-energy shift of the a1g band, leading to disappearance
f the I-M transition down to low temperatures. The modulation
f the a1g energy band in Ti2O3 by size reduction is very similar
o that in V2O3 nanoparticles, but the difference of energy levels
etween the a1g and eg bands obviously dictates their electronic
nd magnetic ground states.
We would like to emphasize that the reduction in the I-M
ransition temperature for Ti2O3 has been observed for the ﬁrst
ime in this study. The electrical resistivity of bulk Ti2O3 gradu-
lly decreases with increasing chemical doping [39] and hydrostatic
ressure [56]; however, the TIM remains unchanged regardless of
he doping and pressure levels, and the doping and pressure vari-
tions of the gap energy between a1g and eg bands scale with
hat of the Ti(1)–Ti(2) bond length or c/a ratio. These behaviors are
n sharp contrast with Ti2O3 nanoparticles. It is apparent that the
lectronic state of Ti2O3 is perturbed by surface strain effects in a
ifferent way than chemical doping and hydrostatic pressure. To
ain deeper understanding the causal connection between the sur-
ace strain effects and TIM reduction, further investigation into the
ocal structures around Ti and O atoms should be made using other
xperimental techniques such as extended X-ray absorption ﬁne
tructure spectroscopy and X-ray emission spectroscopy [37,47].
Recently, Tominaka and his collaborators investigated single
rystal samples (2 mm × 3 mm × 0.5 mm)  of (1 0 0)-oriented TiO2
educed under similar reaction conditions described in this study,
nd found a metallic conductivity in the measured temperature
ange of 8–300 K [57], which is markedly contrasted with our
xperimental results. The quality of their samples, however, is not
uitable to evaluate the physical properties of Ti2O3 prepared with
aH2: the reduction to Ti2O3 only proceeded 200 nm in depth and
he conduction path is not clear due to cracks shown in TEM images.
ndeed, we found that (1 0 0)-oriented TiO2 single crystals reduced
y CaH2 were quite fragile and easily cleaved perpendicular to
0 1 1) plane because of the non-topotactic reaction involving dis-
lacement of titanium atoms and removal of oxygen atoms. These
acts highly indicate that the TiO2 layer suffers oxygen removal or
tacking faults. Introduction of such oxygen deﬁciencies or defects
nto TiO2 is well known to give a metallic behavior [58–60]. And,
ince the reductive reaction proceeds through Magnèli phases such
s Ti4O7 [31], the interfacial structure between Ti2O3 and TiO2,
hich has not been distinctly characterized, likely contributes to
he metallic conductivity. In fact, the X-ray photoelectron spec-
roscopy measurements for the inhomogeneous sample denied the
xistence of a ﬁnite density of states at the Fermi energy at room
[
[
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temperature [61], that is, the metallic conductivity observed by the
authors is not an intrinsic property for the nanostructured Ti2O3.
In addition, Tominaka et al. claimed later that Ti2O3 nanoparticles
with 20 nm in diameter, corresponding to C1 sample in this study,
were a mixture of Ti2O3 and Ti4O7 and the mass fraction of the latter
was estimated to be approximately 50% on the basis of pair dis-
tribution functions study [60]. However, our experimental results
can exclude their argument deﬁnitely; we did not see either XRD
peaks assignable to Ti4O7 or anomalies caused by I-M transitions
at around 150 K in the magnetic susceptibility and electrical resis-
tivity curves of our samples. Therefore, the conclusion presented in
their early studies is overly optimistic and misleading.
4. Conclusions
We  have successfully synthesized Ti2O3 nanoparticles with
different particle sizes (20, 70, and 300 nm in dia.) by a low-
temperature reduction, and have systematically investigated the
structural, electrical, and magnetic properties. All the present prod-
ucts adopt the corundum structure as bulk Ti2O3, but exhibit
a gradual color change from dark brown to bluish black with
decreasing particle size because of surface strain effects. We  also
found unusual reduction in TIM compared with the bulk with
decreasing particle size, which has never been observed in the bulk
where the TIM is not affected by chemical doping and hydrostatic
pressure. The anisotropic volume contraction and the shrinkage of
the nearest neighbor Ti–Ti bond length along the c axis, which are
followed by broadening and high-energy shift of the a1g band, are
also unique features seen only in Ti2O3 nanoparticles. Information
on the local structures modiﬁed by surface strain effects shed light
on the mechanism of the TIM reduction.
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